Background: Standardized conditions to distinguish subpopulations of colorectal cancer (CRC) patients more and less sensitive to cetuximab therapy remain undefined.
introduction
Colorectal cancer (CRC) is one of the most common human malignancies and one of the leading causes of cancer-related death in the Western world [1] . During the last years, several strategies interfering with the epidermal growth factor receptor (EGFR) have been evaluated in solid tumors, including CRC. Although EGFR tyrosine kinase inhibitors (TKIs) demonstrated to induce dramatic and durable responses in certain patients with advanced non-small-cell lung cancer (NSCLC), no activity has been observed in CRC [2] [3] [4] . Conversely, monoclonal antibodies (mAbs) against EGFR, such as cetuximab (C225, Erbitux; ImClone System Inc, New York, NY) and panitumumab showed activity in metastatic CRC when used alone or in combination with irinotecan [5, 6] .
Biological mechanisms underlying response or resistance to antibodies against EGFR are only partially known. Although at the present time regulatory agencies require selections of patients for such therapy based on EGFR expression by immunohistochemistry (IHC), responses were also noted in patients whose tumors had no EGFR immunostaining [7] , confirming the pitfalls of IHC in assessing EGFR expression and its limits for patient selection. In NSCLC, activating EGFR gene mutations and EGFR gene increased copy number are considered the most critical factors associated with response to TKI therapy, while KRAS mutations are responsible for intrinsic resistance to TKI in some patients [8] [9] [10] [11] [12] . In CRC, mutations in the tyrosine kinase domain of the EGFR gene occur at very low frequency [13] and their role in cetuximab sensitivity seem to be irrelevant [14, 15] , while RAS and RAF mutations are associated with resistance to therapy with antibodies against EGFR [16] [17] [18] .
Recent studies indicated that EGFR gene copy number could influence response to anti-EGFR mAbs cetuximab or panitumumab therapy in CRC [18] [19] [20] [21] , although different techniques and scoring systems were adopted in each study, making direct comparison and assessment of clinical applicability practically impossible. In the study conducted by Lievre et al. [18] , an increased EGFR gene copy number assessed by chromogenic in situ hybridization was significantly associated with an objective tumor response to cetuximab. However, the low number of EGFR-positive patients (three cases) precluded any firm conclusion. In the study carried out by Lenz et al. [19] , EGFR gene gain assessed by PCR was significantly associated with longer survival, raising the question whether EGFR genomic gain represents a favorable prognostic factor. In the retrospective analysis conducted by Moroni et al. [20] where EGFR genomic gain was assessed by fluorescence in situ hybridization (FISH), there was a significant association between high EGFR copy numbers and better response to anti-EGFR mAbs cetuximab or panitumumab. In this study, in which patients were selected by clinical outcome (10 responders, 21 nonresponders), there was only one responder with <3 copies of EGFR per cell and only one nonresponder with >2.1 copies of EGFR per cell. More recently, the same group analyzed retrospectively 92 CRC patients treated with panitumumab plus best supportive care (BSC) or BSC alone and concluded that tumors with <2.47 EGFR copies per cell or <43% cells with chromosome 7 polysomy ( ‡3 chromosome enumeration probe 7 copies per cell) had a reduced likelihood of response to the therapy [21] .
Because there is an urgent need for defining a method for selection of patients for anti-EGFR therapies, we investigated the association between EGFR gene copy numbers evaluated by FISH with response to cetuximab therapy in advanced CRC.
materials and methods

patient selection
This retrospective study was conducted in a cohort of 85 CRC patients treated with cetuximab-based therapy for metastatic disease from January 2002 to August 2006 in five Italian institutions: Istituto Clinico Humanitas, Rozzano; Ospedale Bellaria, Bologna; Policlinico S.Matteo, Pavia; Ospedale Silvestrini, Perugia; and Seconda Università di Napoli, Napoli. For initial treatment in their institutions, patients were selected by presence of EGFR expression assessed in the local hospitals, using a commercially available kit (DAKO, Carpinteria, CA), and considering as positive all tumors with at least 1% immunostaining in tumor cells. For this study, patients were selected based on two main criteria: presence of at least one measurable lesion and availability of tumor tissue. No other clinical or biological criterion was used for patient selection. Cetuximab was given to each patient at the initial dose of 400 mg/m 2 , followed by weekly infusion of 250 mg/m 2 . In all patients, disease assessment was carried out every 2 months, with a confirmatory evaluation no <4 weeks after the response assessment, according to the response evaluation criteria in solid tumors (RECIST) criteria [22] . The study was approved by the local Ethics Committee and was conducted in accordance with ethical principles stated in the most recent version of the Declaration of Helsinki.
tissue preparation, FISH and IHC IHC and FISH assays were carried out in sections cut at 4 lm from paraffin-embedded tissue blocks containing representative malignant cells and obtained at time of diagnosis. All IHC and FISH analyses were carried out at the University of Colorado Cancer Center, USA. One slide was hematoxylin-eosin (H&E) stained to be used as reference to select dominant tumor foci and sequential sections were assayed for the selected markers. The EGFR FISH assay was carried out with the LSI EGFR SpectrumOrange/CEP 7 SpectrumGreen probe (Vysis/Abbott Molecular, Des plaines, IL) according to methods described elsewhere [9, 23] . Four physically distant tumor areas were selected guided by the H&E-stained slide and the EGFR and CEP7 signals were counted in at least 30 nuclei per tumor area at ·1000 magnification. Microscope analysis was carried out independently by two observers (GF, MVG) blinded to the patients' clinical characteristics and in case of discordance a consensus was reached in further analyses. In cases of heterogeneity among the tumor areas, only the area with the worst score was considered. For patients with tissue from primary tumor and corresponding metastasis, the sample from primary lesion was used to represent the patient in the correlative analyses with clinical outcome. Evaluation of EGFR protein expression by IHC was repeated for all specimens using a mAb against the external domain of the EGFR (Zymed Laboratories, San Francisco, CA). This analysis was carried out blindly to patients' clinical characteristics and FISH results (by WAF) and tumor was considered positive when staining was observed in at least 1% of cells.
statistical analyses
The primary end point of the study was the identification of the EGFR FISH score that best associates with response rate (RR). Secondary end points were association with time to disease progression (TTP), overall survival (OS) and concordance of EGFR profile between primary tumors and corresponding metastases. TTP was calculated from the time of first cetuximab infusion to time of disease progression or last disease assessment. OS was calculated from the time of first cetuximab infusion to patient death or last contact.
Differences in RR were compared by Fisher's exact test or v 2 test. TTP, OS and the 95% confidence intervals (CIs) were evaluated by survival analysis using Kaplan-Meier method [24] . TTP and OS for the groups with negative and positive biomarker were compared using the log-rank test. Concordance between biological data in primary tumor and corresponding metastasis was calculated by weighted k statistic [25] . Statistical significance was set at <0.05 for each analysis. Analysis of receiver operating characteristic (ROC) curve was carried out with the aim of determining a cut-off point for EGFR gene copy number as a continuous variable [26] . EGFR sensitivity and specificity were expressed in terms of percentage and the value for which sensitivity and sensibility were the highest has been chosen as the best cut-off point. In addition to the score identified in the present study by ROC analysis and indicated as score A, tumors were classified as FISH positive or negative based on classifications previously reported in CRC by Sartore-Bianchi et al. [21] (score B, EGFR FISH positive = mean of ‡2.47 gene signals per nucleus and score C, CEP 7 polysomy positive = ‡43% of cells with ‡3 copies of CEP7) and in lung carcinomas [9, 23] by our group (score D, EGFR FISH positive = ‡40% of cells with ‡4 copies of EGFR or gene amplification). All statistical analyses were carried out using SPSS version 11.5.1 (SPSS Italia srl, Bologna, Italy).
results patient characteristics FISH analysis was successful in tumor samples from 85 chemorefractory patients. As shown in Table 1 , our cohort presented clinical characteristics and outcome similar to CRC patients included in a large registration trial with cetuximab [5] original article Annals of Oncology and all patients had received at least one chemotherapy line for metastatic disease. In the whole population, overall response rate was 17.7%, including one complete (1.2%) and 14 partial responses (16.5%). Median time to progression (TTP) was 5.4 months and median OS was 10.5 months. In the univariate analysis, no clinical characteristic was associated with response to cetuximab therapy.
EGFR analysis was carried out in tissue from primary tumor only in 43 cases (50.6%), from metastasis only in 20 cases (23.5%) and from both primary tumor and corresponding metastasis in 22 cases (25.9%). Primary tumor tissues originated from colon in 48 cases and from rectum in 17 cases, while metastatic tissues were obtained from liver (25 cases), lung (eight cases) or other sites (nine cases).
EGFR analyses
Patients were evaluated for EGFR protein expression by IHC and gene copy number by FISH (Table 2) . EGFR IHC analysis was successfully carried out in 82 patients. Although all patients included in the present study had received cetuximab-based therapy, because were considered EGFR IHC positive, when tested in the local hospital using standard DAKO immunostaining, the analysis carried out in our central laboratory detected 16 patients lacking EGFR expression (EGFR IHC negative, Table 2 ). EGFR IHC-positive status was not associated with any clinical characteristic or end point (Table 3) .
Among the 85 patients, two (2.4%) had EGFR gene amplification in the tumor cells, while all others had balanced EGFR and CEP7 copy numbers. Thirty-four tumors had high level of genomic gain (mean EGFR = 4.2, ‡4 copies in ‡40% of nuclei) and 21 tumors had no or very low genomic gain for both tested targets (mean EGFR = 2.2). ROC analysis identified the mean of 2.92 EGFR copies per cell as the best cut-off value associated with patient outcome (Figure 1 ). Using this cut-off, 43 patients (50.6%) were classified as EGFR FISH positive. RR (32.6% versus 2.4%, P = 0.0001), TTP (6.6 versus 3.5 months, P = 0.02) and OS (11.3 versus 8.5 months, P = 0.8) favored EGFR FISH-positive individuals ( Figure 2, Table 3 ). This model showed a sensitivity of 58.6% (95% CI = 47.1-70.1) and a specificity of 93.3% (95% CI = 80.6-100).
Further, as presented in Table 3 , our patient population was analyzed according to other scoring systems previously reported in colorectal carcinomas (scores B and C, [21] ), and in lung carcinomas (score D, [9, 23] ). Using score B [21] , 59 patients (69.4%) were FISH positive. EGFR FISH positive had a significantly higher RR (23.7% versus 3.8%, P = 0.03), a trend towards longer TTP (6.1 versus 3.4 months, P = 0.06), with no difference in survival (9.8 versus 10.5 months, P = 0.6). Score B showed a 35.7% sensitivity (95% CI = 24.5-46.9) and 93.3% specificity (95% CI = 80.6-100). Using score C [21] , 41 patients (48.2%) had chromosome 7 polysomy and were considered as FISH positive. No difference in RR (15.9% versus 19.5%), TTP (4.1 versus 6.1 months, P = 0.7) and survival (10.8 versus 9.5 months, P = 0.3) was observed between FISH negative and FISH positive, respectively. For this model, sensitivity was 52.9% (95% CI = 41.2-64.6) and specificity was In the present study, using ROC analysis, a mean of 2.92 EGFR gene copy number qualified the tumor as FISH positive (score A). As defined by Sartori-Bianchi [21] in CRC, a mean of 2.47 EGFR gene copy number (score B) or chromosome 7 polysomy in >43% of cells (score C) qualified the tumor as FISH positive. According to the score system proposed in NSCLC, a tumor was defined as FISH positive when ‡40% of cells had ‡4 copies of EGFR or in presence of gene amplification (score D, [9, 23] biomarker results in primitive tumor and corresponding metastasis
In order to investigate whether EGFR status differed from primary tumor and corresponding metastases, we independently assessed paired samples from 22 patients. No concordance in EGFR expression (IHC) was observed between primary tumor and corresponding metastasis (P = 0.08). As shown in Table 4 , among the 17 primary tumors positive for EGFR by IHC, 16 were also positive in corresponding metastasis and one was negative. Among the five primary tumors with negative EGFR IHC score, four resulted positive in the corresponding metastasis. The EGFR gene copy results by FISH were similar in primary tumor and metastasis, with a significant concordance independently of the score system adopted (P = 0.001, Table 4 ). Using the cut-off identified by the ROC analysis, 21 patients had the same EGFR gene score, and only in one case the tumor was classified as FISH positive in the primary lesion and FISH negative in the corresponding liver metastasis. discussion Anti-EGFR strategies are offering new hope for patients with cancer, as demonstrated by the survival improvement obtained in patients with lung [3] , breast [27] , head and neck [28] , pancreatic [29] and CRC [5] . However, identification of molecular predictors of anti-EGFR therapies remains a challenge. Predictive factors for sensitivity or resistance to EGFR-TKIs have been identified in lung cancer, but scarce and conflicting data exist in other diseases, including gastrointestinal cancers. In the present translational study, one of the largest so far conducted in CRC exposed to cetuximab, we showed that EGFR genomic gain was associated with response to the drug, and a mean of 2.92 EGFR gene copy number best discriminated the sensitive population. Using this cut-off value, the positive predictive value was 97.6% and the negative predictive value was 32.5%, with about 3-month gain in TTP and survival, suggesting that this patient stratum is particularly suitable for anti-EGFR therapy. Score A: ROC analysis; Scores B and C: Sartore-Bianchi et al. [21] ; Score D: Cappuzzo et al. [9] , Varella-Garcia [23] . CI, confidence interval; EGFR, epidermal growth factor receptor; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization; ROC, receiver operating characteristic. Figure 1 . Receiver operating characteristic analysis based on mean EGFR gene copy number with response to cetuximab therapy as end point. In this model, sensitivity was 58.6% and specificity was 93.3%.
original article Annals of Oncology
Present results are confirmatory of previous studies in CRC that showed that EGFR genomic gain assessed by FISH was associated with response to the mAbs cetuximab or panitumumab [20, 21] . In the study carried out by Moroni et al. where 31 patients with metastatic CRC treated with cetuximab or panitumumab were evaluated for EGFR by FISH, increased EGFR gene copy number was observed in eight of nine patients with objective response and in only one of 21 nonresponders. Nevertheless, no cut-off for discriminating EGFR FISH positive versus negative was proposed precluding attempts to reproduce these results [20] . More recently, in order to define the best cut-off discriminating responders versus nonresponders, the same group analyzed by FISH a cohort of 92 CRC patients, including 58 cases treated with panitumumab and 34 treated with BSC alone [21] . In that study, a cut-off of 2.47 mean EGFR gene copy number best discriminated nonresponders, and none of the patients with chromosome 7 polysomy in <43% of tumor cells responded to the drug, leading the authors to conclude that low EGFR gene copy number or low chromosome 7 polysomy have reduced likelihood to respond to panitumumab. Importantly, evaluation of patients treated with BSC alone showed no association between EGFR gene copy number or chromosome polysomy and progression-free survival [21] . The cut-off identified in our study may be equivalent to the cut-off proposed by Sartore-Bianchi et al. [21] , since our analysis was conducted in 4 l tissue sections, while in the Sartore-Bianchi study the thickness was 2 l and higher copy numbers are expected in sections that include higher fraction of the nuclei [30] . Enumeration of centromere and/or gene copies in sections cut at widths lower than the diameter of intact nuclei is not exact since it only includes part of the nucleus. Therefore, the thinner tumor sections used in the Sartore-Bianchi study could be responsible for the lower cut-off best associated with drug sensitivity reported in their study. Differences in structure and mechanism of action between cetuximab and panitumumab could also account for the variation observed between the two studies. Although cetuximab and panitumumab target the same receptor, these two drugs present a different structure, since cetuximab is a chimeric immunoglobulin (Ig) G1 antibody and panitumumab is a fully human IgG2 antibody. Moreover, no studies have directly compared the two drugs and whether these agents are equally effective remain undefined.
In addition to the studies mentioned in the previous paragraph, other studies recently explored the role of EGFR gene copy number in CRC treated with cetuximab [19, 31] . The largest investigation, conducted in 110 CRC patients, detected increased EGFR gene copy number at a frequency of 6% and found no association with disease control rate [31] . These negative results may be associated with the methodology used to assess EGFR gene copy number, quantitative PCR, which was deemed not optimal in lung cancer treated with EGFR-TKIs [32, 33] .
Comparative analyses of biomarker status in primary tumor and corresponding metastasis have not been extensively carried out in CRC. Three previous studies evaluated EGFR expression in primary tumor and corresponding metastasis, one with concordant levels of expression [34] and two with discordant results [35, 36] , similarly to our findings. Several reasons could be advocated to explain the different results. Subjectivity of IHC interpretation may be a key factor, and variations in fixation procedures and antibodies could affect the sensitivity of these assays, precluding comparison of results from distinct laboratories. Conversely, our study showed a significant concordance between different disease sites using analyses at the genomic level, which supports assessment of the EGFR genomic status by FISH indifferently in primary tumor or in distant sites.
In conclusion, increased EGFR gene copy number assessed by FISH identified the chemotherapy refractory CRC patients most suitable for treatment with the anti-EGFR antibody cetuximab. The proposed cut-off value to be used in clinical practice for stratification of patients for this therapeutic strategy should be validated and refined in standardized methodological conditions and submitted to prospective validation. 
